Aims Surgical treatment for atrial fibrillation is now feasible in selective cases. The aim of this study was to assess the electrophysiological properties of patients undergoing atrial compartment operation for chronic atrial fibrillation.
Introduction
Atrial fibrillation is an important arrhythmia which carries an increased risk of patient morbidity and mortality 1 '" 31 . However, atrial fibrillation treatment has largely been limited to the control of the ventricular response rate when chronic atrial fibrillation is established have been considered almost impossible due to the poor understanding of the mechanism of atrial fibrillation. In 1962, Moe proposed the multiple wavelet theory to explain the behaviour of atrial fibrillation 15 '. This was then tested and proved by Allessie et ai, using multiple simultaneous electrode recordings, in an isolated canine preparation' 61 . The estimated critical number of wavelets in both atria to maintain atrial fibrillation was between four and six. Cox et al. developed another mapping system that could be used in in situ hearts' 71 . They showed that macroreentrant circuits with multiple wave fronts, non-uniform conduction, and bidirectional block occurred during atrial fibrillation. Several surgical procedures such as the 'corridor operation '' 81 , the 'maze operation' 191 and the atrial compartment operation' 101 were designed to convert atrial fibrillation to sinus rhythm. All these procedures share a common therapeutic rationale, that is to reduce the critical atrial mass necessary for the sustenance of atrial fibrillation. Although the success rates of conversion to sinus rhythm were satisfactory, several limitations relevant to the corridor and maze procedures were noted. In the first place, many patients undergoing either the maze'" 1 (38%), or the corridor' 81 (44%) procedures needed a permanent pacemaker. This was thought to be due to preexisting sinus node dysfunction or surgical trauma'
8 -" 121 . Secondly, atrial isolation, as in the corridor procedure could not reduce the risk of systemic thrombo-embolism, because the isolated left atrium usually remained in fibrillation. Thirdly, there was no detailed information about atrial electrophysiological changes and chronic arrhythmogenic effects, especially in the case of the maze procedure which entailed multiple extensive atrial incisions.
The purpose of this study was to assess the chronic electrophysiological properties of patients converted from atrial fibrillation to sinus rhythm as a result of atrial compartment operation.
Methods

Patients and surgery
Between October 1988 and June 1995, 44 mitral valve patients underwent concomitant valvular surgery and atrial compartment operation for their chronic atrial fibrillation (duration ^0-5 years). There were 20 men and 24 women with a mean age of 49 ± 13 years (range, 14-69 years). All patients were symptomatic; 38 were in New York Heart Association functional class III; six were in class IV. Before the operation, all patients gave informed consent. The atrial compartment surgical technique has been reported previously'
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. Specifically, the two-compartment operation involved a horseshoe incision of the left atrium along its attachment to the atrial septum. The anterior and posterior ends of the incision near the mitral valve annulus were cryoablated (-60 °C x 2 min) from the endocardial side. No attempt was made to isolate the left atrium electrically as the atrioventricular fat pad was left intact and the left atrial wall near the annulus was not thoroughly incised; the atrial fibres behind the coronary sinus were also preserved. The three-compartment operation comprised another incision in the right atrium in addition to the two-compartment operation. The right atrial incision was placed on the crest of the right atrial appendage and extended inferioposteriorly and parallel to the crista terminalis to 1 cm above the tricuspid annulus. The anterior end of the incision was cryoablated at the tricuspid annulus (Fig. 1) . 
Follow-up
After the operation, continuous electrocardiographic (ECG) monitoring was used to detect recurrence of atrial fibrillation during the patient's stay in the surgical intensive care unit. In addition, a standard 12-lead ECG was recorded daily in the first week after the operation. After discharge from the ward, all patients visited the outpatient clinic every 2 weeks for the first 3 months and every 4 weeks thereafter. Twenty-four hour Holter monitoring was carried out 1 month after the operation. An echocardiogram was performed at <1 week before the operation, and repeated regularly after the operation. All patients were followed with special care as regards their cardiac rhythms, haemodynamic status and thrombo-embolic events.
Electrophysiological studies
All the patients underwent electrophysiological studies at 1 year or more after the operation. Quadripolar electrocatheters were placed at the high right atrium, right atrial appendage and His bundle region, and a hexapolar or decapolar electrocatheter was inserted in Eur Heart J. Vol. 18, November 1997 the coronary sinus to record the left atrial activity. The intra-cardiac bipolar ECGs were amplified and filtered at a frequency range of 30-500 Hz. The signals were displayed and recorded using a multichannel polygraphic machine (Electronics for Medicine, VR 12, Kansas, or Cardio Lab®, Prucka Engineering, Inc., Houston, TX, U.S.A.). Programmed electrical stimulations were delivered from the high right atrium, right atrial appendage and distal coronary sinus with a stimulator (Bloom Associates, Ltd., PA, U.S.A.). The surface ECG leads I, aVF and V, were recorded simultaneously.
Assessment of the sinus node function included the determination of (1) the sinus node recovery time and the corrected sinus node recovery time using the method of Mandel et al. [u \ (2) the sino-atrial conduction time using the method of Narula et al. ll4 \ and (3) the intrinsic heart rate after pharmacological blockade of the autonomic nervous system with atropine (004 mg . kg"') and propranolol (0-2 mg . kg"'). The predicted intrinsic heart rate was defined as IHR p = 118-1 -(0-5 x age), where IHR p =predicted intrinsic heart rate 1151 . For patients older than 45 years, the normal intrinsic heart rate was defined as: IHR o = IHR p ± 18%, whereas in patients of less than 45 years, a normal intrinsic heart rate was defined as: IHR o = IHR p ± 14%, where IHR 0 =observed intrinsic heart rate.
The atrial electrophysiological properties were studied as follows. The effective refractory periods of different atrial compartments were determined with extrastimulation at a pacing cycle length of 600 ms. The conduction time from the high right atrium to the low septal right atrium, the right atrial appendage and the left atrium were measured at sinus rhythm. The inducibility of atrial tachyarrhythmias was assessed with rapid atrial stimulation to a pacing cycle length of 200 ms and a single premature atrial stimulation at two different pacing cycles.
Antegrade atrioventricular conduction was assessed by obtaining AH and HV intervals during sinus rhythm, the longest pacing cycle exhibiting Wenckebach conduction, and the effective refractory periods of the atrioventricular node.
Statistical analysis
All values were expressed as mean ± SD. Student's t-test and Fisher's exact test were used for comparison. A P<005 was considered statistically significant.
Results
Clinical outcomes
There was no surgical mortality. Forty-two patients (95%) regained sinus rhythm immediately after operation. However, in 10 of them atrial fibrillation recurred 3 to 7 days after operation, and in one 46 days after operation. Conversion of atrial fibrillation was therefore successfully achieved long term in 31 patients (70%). Holter monitoring of the ECG showed that all patients were in sinus rhythm during the whole 24 h monitoring period, except for one episode of paroxysmal atrial fibrillation lasting 163 min in one patient. Age, gender, duration of atrial fibrillation, left atrial diameter, aetiology of mitral valve disease, severity of heart failure and concomitant valve surgery were not different between patients with successful atrial fibrillation conversion and those whose atrial fibrillation did not change. However, the three-compartment operation resulted in a higher conversion rate (23/28, 82%) than the two-compartment operation (8/16, 50%) (P<005). In patients with successful atrial fibrillation conversion, the left atrial diameter decreased from 55-2 ± 9-1 mm, before the operation, to 47-6 ±9-3 mm (P<0-01) 1 week after operation, and 45-9 ± 5-6 mm (P<0001) 6 months after the operation. However, the left atrial diameter remained unchanged after the operation in patients who failed to convert from atrial fibrillation to sinus rhythm. During a mean follow-up period of 41 ± 18 months, one of 31 sinus patients (3%) suffered cerebrovascular embolization, and two of 13 patients in atrial fibrillation (15%) suffered cerebral embolization. In neither incident did echocardiographic examination disclose left atrial thrombus in any patient.
Electrophysiological findings
Twenty patients underwent electrophysiological study 11 to 51 months (mean 31 ± 13 months) after operation. Their clinical features were summarized in Table 1 . The mean age at operation was 45 ± 15 years, (range, 16-69 years). The underlying heart diseases included rheumatic mitral valve diseases in 14 patients and myxomatous degeneration with resulting severe mitral regurgitation in six patients. The left atrial dimensions were all enlarged, with a mean of 54 ± 8 mm (range, 43-74 mm). Atrial fibrillation had persisted in the patients for 4-4 ± 4-7 years (range, 0-5-20 years). Five patients underwent two-compartment operation and the remaining 15 a three-compartment operation.
Sinus node function (Table 2)
Intra-cardiac recordings demonstrated that all patients were in sinus rhythm with the earliest atrial activity originating from the region of the high right atrium. The sinus cycle length ranged from 567 to 1042 ms (mean = 750 ± 110 ms). Eighteen patients had a normal sinus node recovery time ranging from 821 to 1348 ms, a normal corrected sinus node recovery time from 134 to 402 ms and a normal sino-atrial conduction time from 27 to 102 ms. Only two patients (cases 4 and 17) had an abnormal sinus node recovery time (3600 ms and 1569 ms, respectively), a prolonged corrected sinus node recovery time (2840 ms and 759 ms, respectively), and CSNRT=corrected sinus node recovery time, IHR = intrinsic heart rate, SACT = sinoatrial conduction time, SCL = sinus cycle length, SNRT=sinus node recovery time.
a delayed sino-atrial conduction time (160 ms and 307 ms). After autonomic blockade, all patients had a normal intrinsic heart rate, adjusted for age. A permanent pacemaker was not implanted in patients with prolonged sinus node recovery time and sino-atrial conduction time because there were no spontaneous Eur Heart J, Vol. 18, November 1997 Electrophysiology of surgically corrected atrial fibrillation 1809 
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Induced arrhythmias occurrence of dizzy or fainting spells during the follow-up period (66 and 27 months).
Atrial electrophysiological properties (Table 3)
The left atrial compartment had a longer effective refractory periods (242 ± 47 ms) than the high right atrium (224 ± 26 ms, / > <001) and right atrial appendage (219 ± 25 ms, /><001). The conduction times from the high right atrium to the low septal right atrium ranged from 20 to 85 ms (mean=42 ± 18 ms). The conduction times from the high right atrium to the right atrial appendage were not impaired in the two-compartment operation in which no right atrial incision was made (mean = 24 ± 4 ms), whereas it was greatly impaired in 12 of the 15 patients (80%) undergoing the threecompartment operation. As shown in Fig. 2 , in this patient the conduction times from the high right atrium to the right atrial appendage during sinus rhythm and high right atrium pacing were markedly prolonged to 155 and 160 ms, respectively. This conduction delay also occurred in the reverse direction, as shown in right atrial appendage pacing (Fig. 2(c)) ; the conduction time from the right atrial appendage to the high right atrium was 153 ms. On the other hand, conduction from the high right atrium to the low septal right atrium was not impaired, and from the high right atrium to the left atrial compartment was slightly prolonged in this patient. Although all the right atrial appendage compartments were driven by the sinus node, the electrical activity of the left atrial compartments varied greatly, despite retaining an anatomical connection behind the coronary sinus. In 13 patients, the left atrial compartment was electrically driven by the sinus node, and 11 of them had a normal or mildly prolonged conduction time (range 75-146 ms) (Table 3) , whereas two patients (case 3 and 13) had markedly prolonged conduction times (200 and 266 ms, respectively) (Fig. 3 ). In the remaining seven patients, the left atrial compartments were dissociated from the rest of the heart. Five of them (cases 2, 4, 5, 7 and 12) had a quiescent left atrial compartment, which was defined as (1) an absence of atrial electrical signal in the coronary sinus recording sites, and (2) no local response to a 10 mA electrical stimulation. In one patient (case 11), the left atrial compartment was shown to be fluttering (Fig. 4) . This patient experienced an episode of cerebral embolism 8 months after operation. In the remaining patient (case 17), the left atrial compartment was in a slow automatic rhythm, with a cycle length of 3031 ms, but was still excitable by electrical stimulation.
Although programmed electrical stimulation was delivered at various atrial sites it was not possible to induce atrial fibrillation. However, three patients (cases 1, 2 and 8) had repetitive atrial responses. Two other patients (cases 6 and 10) had inducible atrial flutter which could be terminated by rapid atrial pacing (Fig.  5) . They also suffered spontaneous attacks of atypical atrial flutter. One of them (case 6) underwent successful catheter ablation of the atrial flutter at a site near the left atrial incision via the trans-septal approach. 
Atrioventricular conduction function
Antegrade atrioventricular conduction was maintained in all patients. The AH interval ranged from 68 to 183 ms (mean = 106 ± 29 ms), the HV time from 43 to 65 ms (mean = 53 ± 7 ms), the Wenckebach cycle length from 375 to 500 ms (mean=428 ± 40 ms) and the effective refractory period from 220 to 460 ms (mean = 308 ± 63 ms). Five patients (25%) exhibited dual atrioventricular nodal pathway physiology, whereas no atrioventricular node re-entrant tachycardia could be induced.
Discussion
Sinus node and atrial fibrillation
A normal sinus nodal function is theoretically a prerequisite for the conversion of atrial fibrillation to Eur Heart J, Vol. 18, November 1997 normal sinus rhythm. Unfortunately, there is no reliable method of assessing sinus nodal function in the presence of established atrial fibrillation. This had led to conflicting opinions concerning the role of sinus node dysfunction in the pathogenesis of atrial fibrillation.
Pathological changes in patients with atrial fibrillation are varied. A postmortem study by Yater showed no remarkable abnormalities in atrial fibrillation patients' 16 '. However, Davies and Pomerance showed that patients with long-term atrial fibrillation suffered Eur Heart J, Vol. 18, November 1997 (1) increased left and right atrial volume, (2) severe damage to the sino-atrial node, with loss of myocardial fibres in the sino-atrial node, (3) stenosis or occlusion of the sino-atrial nodal artery, (4) an increase in fibrosis of the inter-nodal tracts, and (5) fibrous thickening and obliteration of the pericardial sac 1 ' 71 . It was postulated that the factors involved in the production of atrial fibrillation were atrial dilatation and sino-atrial nodal disease, and fibrosis disruption of the atrial muscle.
Recently, Kumagai el al. studied electrophysiological properties in patients with chronic lone atrial fibrillation after electroversion" 8 '. They found that nine of 12 patients (75%) had a corrected sinus node recovery time over 525 ms and 11 of 12 patients (92%) had a sino-atrial conduction time over 150 ms. Thus, the majority of patients with chronic lone atrial fibrillation had an abnormal sinus node function. In contrast, our study showed that most of the mitral valve patients with atrial fibrillation (18/20) had a normal sinus node function. In another series of mitral valve patients with atrial fibrillation, who were converted to sinus rhythm with concomitant valve surgery and left atrial isolation, the postoperative sinus node function was satisfactory 119 '. These findings suggest that different mechanisms may be responsible for the development of atrial fibrillation in different clinical settings. In mitral valve disease, atrial enlargement and/or altered atrial conduction and refractoriness played a major role in the pathogenesis of atrial fibrillation, whereas, sinus nodal disease might play a role in the pathogenesis of lone atrial fibrillation.
The potential overdrive suppression effect of atrial fibrillation on the sinus node deserves some discussion. In acute settings, it is likely that excessive impulses outside pacemaker tissue are prevented from invading by perinodal tissue, which provides filtering and protection. This is evidenced in the clinical setting, when maximal sinus node recovery time did not occur during the fastest rate of atrial pacing 1 ' 31 . Furthermore, Kirchhof and Allessie showed that during experimental atrial fibrillation the sinus node was protected by perinodal tissue and recovered very soon after spontaneous termination of atrial fibrillation' 20 '. Our results showed that, in chronic atrial fibrillation, the sinus node was also not overdrive-suppressed.
Surgical trauma to the sinus nodal area or its blood supply could result in new cases of sinus nodal dysfunction, as evidenced in the corridor and maze procedures. An animal study showed that the maze procedure results in significant acute sinus node dysfunction 1 ' 21 . Although this dysfunction may resolve spontaneously over the ensuing months, this was not seen in clinical situations since patients undergoing the maze procedure require chronic permanent pacing. On the other hand, our results showed that simple dissections, such as the atrial compartment operation can avoid surgical trauma to the sinus nodal area, and obviate the necessity for pacemaker implantation.
Atrial electrical activity
Our study showed that an electrical connection between the different atrial compartments existed in most cases. This suggested that electrical isolation of various atrial components, as in the corridor procedure and left atrial isolation, was not necessary for the conversion of atrial fibrillation to sinus rhythm. In fact, an electrical connection between the atrial compartments should be Eur Heart J, Vol. 18, November 1997 much more desirable for the following considerations. First, the atrial mechanical function would be restored. This has been demonstrated with Doppler echocardiography in patients undergoing atrial compartment operation' 10 '. Second, the risk of systemic thromboembolism might be decreased. In this series, one patient suffered from cerebral embolism 8 months after operation, and electrophysiological study showed that the left atrium was electrically isolated and fluttering, which was thought to be responsible for the embolic attack.
A quiescent left atrium had also been noted in patients receiving corridor operation' 8 ' or left atrial isolation' 19 '. The underlying cause of left atrial standstill was not known. One possibility may be related to extensive left atrial fibrosis caused by rheumatic myocarditis or chronic left atrial dilation. The mechanical properties and thrombogenic effect of a quiescent left atrium needs further studies.
A slow left atrial rhythm and marked delay in left atrial activation may also impair haemodynamic performance due to asynchrony of left atrial and Eur Heart J, Vol. 18, November 1997
Electrophysiology of surgically corrected atrial fibrillation 1815 ventricular contraction. It is not known whether delayed contraction of right atrial appendage causes impairment in cardiac performance. Further studies are needed to clarify these issues.
The possibility of long-term arrhythmogenesis after any kind of atrial surgery should be considered. In this study, no spontaneous or inducible atrial fibrillation was noted. However, two cases of atypical atrial flutter, both clinical and laboratory inducible, were demonstrated. One of them underwent successful radiofrequency catheter ablation at a site near the left atrial incision. This suggests that postoperative atrial flutter may represent a potential problem in the chronic phase of atrial compartment operation.
Implications
This study suggests that electrical isolation is not necessary for the conversion of atrial fibrillation to normal sinus rhythm. Instead, conversion of atrial fibrillation with maintenance of electrical connection and mechanical function can be achieved by simple atrial incisions. Further efforts to find better conductions between different atrial compartments by modifying the incisions should be exercised. Recently, there has been increasing interest in radiofrequency catheter ablation for atrial fibrillation conversion'
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. This study indicates that linear catheter ablation lesions may be successful in converting atrial fibrillation to sinus rhythm.
Limitations
The major limitation of this study was the lack of control data before operation. This was because we could not perform the same electrophysiological study in the presence of sustained atrial fibrillation. Furthermore, the stimulation protocol was relatively less aggressive for the induction of atrial fibrillation. Thus, the inducibility of atrial fibrillation in our patients might be under-estimated. It should also be noted that our patients were highly selected; only those who were expected to have an ischaemic time <90 min for combined valvular and atrial compartment surgery were enrolled. Finally, the number of patients was small and more information is needed.
Conclusion
This study showed that atrial compartment operation preserved sinus node function in most patients, and conversion of atrial fibrillation to sinus rhythm with maintenance of atrial electrical and mechanical activities could be achieved.
